Purpose {#sec1}
=======

Permanent interstitial brachytherapy has been cumulatively used and resulted in good outcomes for primary or adjuvant treatment of prostate cancer, gynecologic malignancies, certain head and neck tumors, and nervous system tumors \[[@cit0001],[@cit0002],[@cit0003],[@cit0004],[@cit0005],[@cit0006]\]. The therapeutic effect of radioactive iodine-125 (^125^I) seeds (RIS) interstitial implantation brachytherapy depends primarily on dose distribution. The dose distribution is mainly achieved by preoperative planning and intraoperative optimization of brachytherapy treatment planning systems (BTPSs) based on images \[[@cit0007]\]. Although computer and imaging technologies have been improved in recent years, computed tomography (CT) or magnetic resonance imaging (MRI) still has insurmountable shortcomings, which may affect treatment effects of RIS implantation.

With the rapidly advancing technique of imaging technology, three-dimensional printing individual template (3D-PIT) has been applied to surgery and brachytherapy. Some brachytherapy scholars tried to implant ^125^I seeds guided by 3D-PIT in treating tumors of head and neck, thorax, abdomen, and pelvic cavity, and found that 3D-PIT-guided seed implantation could ensure the consistency of the needles pathway and dose distribution with preplan precisely, resulting in a significantly reduced error \[[@cit0007],[@cit0008],[@cit0009]\]. In 2017, based on the current situation of Chinese brachytherapy, an expert consensus based on 3D printing was developed \[[@cit0010],[@cit0011]\].

Since recurrent high-grade glioma (rHGG) is a relatively complicated brain tumor, the outcome of brachytherapy treatment may be affected by CT's unclear boundary. Our previous research has introduced CT-MRI images into BTPSs for the treatment of rHGG, proving good results \[[@cit0012]\]. In previous brachytherapy studies, 3D-PIT was usually based on 3D CT image reconstruction, but no data was available for 3D-PIT based on CT-MRI fusion.

Our study compared the results of preoperative dosimetry and the results of postoperative dosimetry of RIS implantation for rHGG, assisted by 3D-PIT and guided by CT-MRI fusion images. Also, we verified the application accuracy of this technology at the planning level. To our knowledge, this is the first report on 3D-PIT based on CT-MRI fusion images.

Material and methods {#sec2}
====================

Ethical approval of the study protocol {#sec2.1}
--------------------------------------

Our study protocol was approved by the ethics committee, and an informed consent was obtained from every participant of this study.

General clinical data {#sec2.2}
---------------------

Sixteen patients with a single rHGG, undergoing ^125^I seeds implantation with 3D-PIT, guided by CT-MRI fusion images in our center from June 2017 to June 2018 were involved in the study. The basic information of patients and tumors are presented in [Table 1](#t0001){ref-type="table"}. According to the previous study, 110 to 160 Gy is the dose range that results in a good therapeutic effect for head and neck tumor \[[@cit0013]\]. The prescribed dose range in our study was 120 to 140 Gy according to above study and our clinical experience.

###### 

General status of the 16 patients in our study

  Characteristics                            General
  ------------------------------------------ --------------------------
  Sex                                        
   Male                                      11
   Female                                    5
  Age (years)                                28-69
  Karnofsky performance status               Median score, 80 (70-90)
  Primary treatment                          
   Surgery                                   1
   Radiotherapy                              5
   Combination therapy                       10
  Initial staging                            
   III                                       6
   VI                                        10
  Prescribed dose (Gy)                       120-140
  Seed air-kerma strength (μGy.m^2^.h^-1^)   Median, 0.76 (0.60-0.94)

Material and equipment {#sec2.3}
----------------------

Iodine-125 seeds (model 6711, 4.5 mm long, 0.8 mm in diameter, half value of 0.025 mm in lead, Beijing Atom and High Technique Industries Inc., Beijing, China), with a half-life of 59.4 days and dose-rate constant of 0.965 cGy/(h.U) were implanted \[[@cit0014]\]. Mick radio-nuclear instrument (Eckert & Ziegler BEBIG, Berlin, Germany) was used for all treatments. The fusion software, which we developed, was used to combine the images of CT and MRI \[[@cit0012]\]. Brachytherapy treatment planning system -- 3D BTPS (KLSIRPS-3D, Beijing University of Aeronautics and Astronautics, Beijing, China) was employed and the dose calculation algorithm of the TG-43 report was used \[[@cit0015]\]. 3D imaging and reverse engineering software (Magics 19.01; Materialise, Leuven, Belgium) was used. 3D printer (UnionTech RS6000; Shanghai Union Technology, Shanghai, China), with an accuracy of 0.1 mm was applied, and light-cured resin was used as the printing material.

Design of preoperative plan {#sec2.4}
---------------------------

All patients underwent both CT (GE Lightspeed 16-slice CT scanner, Milwaukee, WI, USA) and MRI (GE Signa HDxt, Milwaukee, WI, USA) 2 days before brachytherapy. The slice thickness was 5 mm, and a vacuum pad was used to fix the body position. The positioning point and the alignment reference point of the template were marked on the surface of the patient. MRI and CT data were fused by the method reported in our previous study \[[@cit0012]\]. The fused data was transmitted to BTPS to design the preoperative plan by forward planning approach, which included contouring of gross tumor volume (GTV), setting the prescribed dose and activity of ^125^I seeds, determination of the implantation needle path (direction, depth, and distribution), simulation of the spatial distribution of ^125^I seeds, and calculation of dose distribution of the target volume and organs at risk (brain stem). The dose received by 90% of GTV (GTV D~90~) achieved the prescribed dose as much as possible. Also, doses received by brain stem were as low as possible, using optimization.

Design and fabrication of 3D-PIT {#sec2.5}
--------------------------------

The fused data in the BTPS was imported to 3D imaging and reverse engineering software (Magics 19.01; Materialise, Leuven, Belgium) to construct digital modeling for a 3D-PIT. Two types of 3D-PIT for one patient were created, comprising of the drilling 3D-PIT and the planning 3D-PIT. They were scanned by CT, followed by a 3D reconstruction. 3D reconstruction images were transferred to BTPS to compare whether they were completely consistent with the preoperative plan. Information about the needle-path direction was added to the model. Usually, it takes about 5-6 hours for a 3D-PIT to be printed by the 3D light-cured rapid forming printer. The biologic surface characteristics of the therapy area, a registered mark, and information on the simulated needle path were included in the 3D-PIT.

Radioactive ^125^I seeds implantation {#sec2.6}
-------------------------------------

The RIS implantation was performed under local anesthesia. The drilling 3D-PIT was aligned to the surface of therapy region, and it was placed into position in three steps: first, it was placed on the patient's craniofacial area according to the skin contour; second, the position of 3D-PIT was finely adjusted under the assistance of positioning point marked on the patient and 3D-PIT alignment reference point, confirming that the actual position of 3D-PIT was in line with the preoperative plan; and third, the operator implanted target needles with shallow depths in the margin area of the individual template to accurately determine the relative position of the 3D-PIT and tumor. If an error occurred, the error between the actual image and positioning image was measured and adjusted in real time. The total tunnel was perforated using a medical bone drill through the drilling 3D-PIT guidance. The planning 3D-PIT was aligned to the surface of therapy region by above positioning method. The implantation needle was used to puncture into the predetermined depth percutaneously through a guide hole in 3D-PIT, when the latter was exactly aligned. CT scan was performed during the puncture to verify the position of the implantation needle and seeds. The intraoperative CT was combined with the preoperative MRI, and additional seeds were implanted if dose loss areas were seen in the target volume. CT was performed again upon completion of RIS implantation to observe the actual distribution of ^125^I seeds, until the actual distribution was consistent with that of the preoperative plan.

The final postoperative CT images were fused with preoperative MRI images. The combined data was transmitted to the BTPS. The actual dose distribution in the target volume was evaluated by means of a dose-volume histogram. The verification result after brachytherapy treatment was compared with the parameters corresponding to preoperative plan: D~90~ (dose received by 90% of GTV), V~100~ (volume percentage of GTV receiving 100% of prescribed dose), and V~200~ (volume percentage of GTV receiving 200% of prescribed dose). The conformity of the dose distribution was evaluated using conformity index (CI) and external index of the target volume (EI). CI and EI were calculated referring to published literature \[[@cit0016],[@cit0017]\]. CI = (V~T,\ ref~/V~T~) × (V~T,\ ref~/V~ref~), wherein V~T,\ ref~ and V~ref~ were the volume of GTV with the prescribed dose and the total volume covered by prescribed dose (cc, cm^3^). EI = (V~ref~ -- V~T,\ ref~)/V~T~ × 100%. The ideal CI is 1 and EI is 0, showing the prescribed dose just covering GTV and the dose outside GTV less than the prescribed dose.

Follow-up {#sec2.7}
---------

Magnetic resonance imaging of the brain was done at 3 and 6 months after implantation of ^125^I seeds to ascertain changes in tumor diameter. Local control was determined at 3 and 6 months after implantation. Local control of rHGG was calculated according to the modified response evaluation criteria in solid tumors \[[@cit0018]\]. Treatment toxicity was evaluated using the Common Terminology Criteria for Adverse Events (CTCAE), version 4.0 \[[@cit0019]\], and the radiotherapy-related morbidity was measured using the Radiation Therapy Oncology Group (RTOG) scale \[[@cit0020]\].

Statistical analysis {#sec2.8}
--------------------

Non-parametric Wilcoxon test was used to compare the differences between each fraction of parameters because not all samples were in compliance with normal distribution. Differences with a *p* value \< 0.05 were considered statistically significant. All calculations were performed with SPSS Statistics for Windows, version 21.0 (SPSS Inc, Chicago, Ill, USA).

Results {#sec3}
=======

Image advantages of 3D-PIT based on CT-MRI fusion images {#sec3.1}
--------------------------------------------------------

During the preoperative plan, the tumor target area was accurately delineated in the preoperative CT-MRI fusion images ([Figure 1](#f0001){ref-type="fig"}). [Figure 2](#f0002){ref-type="fig"} shows the 3D reconstruction of the fused image and the design of 3D-PIT template to avoid blood vessels visibility on the images. The 3D-PIT contained the tumor location information, the needle point, the needle track, and the possible particle distribution. The needle was punctured through the needle tract of the 3D-PIT and seeds were implanted by surgeons ([Figure 3](#f0003){ref-type="fig"}). After the operation, postoperative CT and preoperative MRI fusion images were imported into BTPS for postoperative verification ([Figure 4](#f0004){ref-type="fig"}).

![Preoperative planning design. **A**) Determining delineation of the target area, needle tract, calculating the dose distribution of target volume based on CT-MRI fusion images by BTPS; **B**) Dose volume histogram of preoperative plan](JCB-11-36864-g001){#f0001}

![3D-PIT design with CT-MRI guidance. **A**) Needle tract avoidance of large blood vessels; **B**) 3D-PIT appearance structure; **C**) Possible distribution of seeds in the tumor; **D**) Actual printed planning 3D-PIT](JCB-11-36864-g002){#f0002}

![Seed implantation with the planning 3D-PIT guidance. **A**) inserting a needle according to the needle tract of 3D-PIT; **B**) Seed implantation into the tumor](JCB-11-36864-g003){#f0003}

![Postoperative dosimetry verification. **A**) Actual seed distribution of postoperation; **B**) Dose volume histogram of postoperative plan](JCB-11-36864-g004){#f0004}

Characteristics of implantation guided by 3D-PIT {#sec3.2}
------------------------------------------------

3D-PITs were designed and created for 16 therapy areas. Each 3D-PIT had, on median, 8.0 implantation needle paths (range, 5-13). All patients received RIS under CT and MRI fusion guidance, with the assistance of a 3D-PIT. The preoperative median volume of GTV of patients was 64.2 cm^3^ (23.0-150 cm^3^). The median activity of single ^125^I seed used was 0.76 μGy.m^2^.h^-1^ (0.60-0.94 μGy.m^2^.h^-1^). The median number of seeds implanted was 60.0 (25-126). The median D~90~ of the postoperative GTV was 152.1 Gy, and 100% of postoperative D~90~ was higher than the prescribed dose ([Table 2](#t0002){ref-type="table"}).

###### 

Preoperative and postoperative dosimetry parameters for the 16 patients

  Pt   D~90~ (Gy)   V~100~ (%)   V~200~ (%)   CI     EI (%)                               
  ---- ------------ ------------ ------------ ------ -------- ------ ------ ------ ------ ------
  1    157.6        157.2        97.0         96.9   51.3     51.2   0.83   0.81   13.2   15.8
  2    148.0        148.2        95.0         94.1   42.3     41.9   0.87   0.90   9.6    12.3
  3    144.0        142.6        97.6         98.0   51.6     51.4   0.75   0.69   15.2   18.6
  4    136.7        136.1        96.5         96.4   49.8     52.1   0.86   0.81   10.8   9.5
  5    168.1        162.4        97.6         97.8   54.4     54.0   0.79   0.72   18.3   15.2
  6    162.4        161.8        97.8         98.3   46.9     49.5   0.80   0.78   13.5   11.8
  7    161.6        161.9        97.5         97.6   50.2     52.5   0.83   0.85   12.1   11.9
  8    139.2        139.8        94.7         95.1   37.0     40.1   0.65   0.75   17.4   15.7
  9    148.5        150.2        97.5         97.9   48.4     48.7   0.79   0.85   13.2   16.3
  10   157.8        159.3        96.8         96.7   44.2     43.5   0.81   0.85   20.8   16.7
  11   146.8        146.5        95.6         96.3   43.9     43.2   0.76   0.70   12.7   11.5
  12   153.7        153.9        97.0         97.1   46.2     45.6   0.75   0.80   11.4   12.3
  13   158.9        158.7        96.9         96.5   50.5     50.4   0.83   0.80   18.7   15.9
  14   149.6        150.0        95.2         95.5   46.3     46.5   0.78   0.82   13.9   12.6
  15   159.9        159.6        97.2         97.3   49.4     48.2   0.70   0.90   12.9   12.0
  16   148.2        148.5        96.8         96.2   50.3     50.6   0.85   0.83   8.5    9.8

Dosimetry verification and comparison results {#sec3.3}
---------------------------------------------

D~90~, V~100~, and V~200~ as well as EI and CI of the 16 lesions before and after brachytherapy were compared using non-parametric Wilcoxon test with *p* \< 0.05 considered significant ([Table 3](#t0003){ref-type="table"}). The mean values of V~100~ after brachytherapy were smaller than those before brachytherapy, and the mean values of D~90~ and V~200~ after brachytherapy were greater than those before brachytherapy. All parameters in the 2 groups were not significantly different (*p* \> 0.05). The mean values of CI after brachytherapy were greater compared with that before brachytherapy (0.79 and 0.80, respectively), and the difference was not significant (*p* \> 0.05). The mean values of EI after brachytherapy were greater than that before brachytherapy (13.9% and 13.6%, respectively), but the difference was not significant (*p* \> 0.05). In addition, we analyzed the mean dose of the maximum dose received by brain stem and found that the doses received by brain stem after brachytherapy decreased slightly compared with those before brachytherapy. This minor decrease was not statistically significant (*p* \> 0.05).

###### 

Comparison of preoperative and postoperative dosimetry parameters (16 cases)

  Parameter    Preoperative plan   Postoperative plan   *P*                                                    
  ------------ ------------------- -------------------- --------------- ------------- -------- --------------- -------
  D~90~ (Gy)   136.7-168.1         151.65               152.56 (8.83)   136.1-162.4   152.05   152.29 (8.33)   0.815
  V~100~ (%)   94.7-97.8           96.95                96.69 (1.00)    94.1-98.3     96.80    96.73 (1.14)    0.376
  V~200~ (%)   37.0-54.4           48.90                47.67 (4.30)    40.1-54.0     49.10    48.09 (4.17)    0.816
  CI           0.65-0.87           0.80                 0.79 (0.06)     0.69-0.90     0.81     0.80 (0.06)     0.697
  EI (%)       8.5-20.8            13.20                13.89 (3.41)    9.5-18.6      12.45    13.62 (2.68)    0.605

V100%, V200% -- volume of the GTV receiving 100%, 200% of the prescribed dose, D~90~ -- dose covering 90% of the GTV, CI -- conformity index, EI -- external index of the target volume, M -- mean, SD -- standard deviation

Local control {#sec3.4}
-------------

All patients were followed up with the use of MRI. There was 1 case of complete response (CR), 12 cases of partial response (PR), and 3 cases of stable disease (SD) at 3 months after implantation. There was 1 case of CR, 11 cases of PR, 3 cases of SD, and 1 case of PD at 6 months after implantation. Local control was 81.25% and 75% at 3 and 6 months after implantation, respectively.

Early toxicity {#sec3.5}
--------------

Despite close vicinity of many important structures in brain, no mechanical injury of these organs was observed in course of implantation procedure. None of the patients suffered from paralysis in result of mechanical damage of nerves. Due to abundant vascularity of brain tumors, there was a small degree of bleeding at the time of seed implantation, which resolved spontaneously. No hemorrhagic foci were found on CT scans taken after the implantation. No clinical features of internal hemorrhage were observed in these patients. There were no serious complications such as meningitis, cerebrospinal fluid leakage, and cognitive impairment in all cases. In 4 patients (patient 1, 5, 11, 14), a few days after completion of brachytherapy, brain edema around the target area requiring mannitol dehydration, CTCAE scale grade 1 or 2 occurred. No radiotherapy-related morbidity occurred. We focused only on acute reactions because of short follow-up.

Discussion {#sec4}
==========

The manufacture of 3D-PIT included several key procedures. Firstly, by digital processing, tumor information (image information) was transmitted to BTPS. Secondly, the treating physician and a medical physicist defined related parameters such as target volume, organs at risk, prescribed dose, and design of the needle channel. Thirdly, a 3D printer was used to print a 3D-PIT \[[@cit0021],[@cit0022],[@cit0023]\]. A 3D-PIT possesses information on the needle channel, coordinate system for laser positioning, and a laser-identification system.

The 3D-PIT technology can reduce an error of brachytherapy caused by the doctor's technical reasons. A 3D-PIT includes information of the path of the implantation needle, characteristics of the surface of the therapy area of the patient, and positioning and orientation effects. In this way, the 3D-PIT fully reflects the individual characteristics and realizes accurate alignment between the 3D-PIT and therapy area as well as accurate control of the implantation needle. It was first reported in 2012 for treatment of head and neck tumors guided by 3D-PIT \[[@cit0024]\]. However, only needle path was available and detailed information of the dose distribution calculated by BTPS was not presented at that time. It was concluded that the postoperative dose could achieve the dose requirement (D~90~ of the target volume was mostly higher than the prescribed dose), but the results were not compared with the preoperative plan.

Subsequent studies included preoperative and postoperative comparisons due to the emergence of BTPS. The preoperative parameters and postoperative parameters of implantation of ^125^I seeds under the guidance of 3D-PIT for malignant tumors were studied and compared in Zhang *et al*.'s study \[[@cit0025]\]. There were no significant differences for D~90~, V~90~, V~100~, and V~150~ between preoperation and postoperation, which indicated that the preoperative plan could be properly completed. However, the sample size was only 9 cases, which involved four treatment sites. Ji *et al*. compared dose distributions of postoperative plans with preoperative plans for radioactive seed implantation of paravertebral/retroperitoneal tumors assisted by 3D-PIT and they found that the dose of the target volume was slightly lower and the high-dose area of the target volume was larger in postoperative cases compared with the preplanned cases; however, the difference was not statistically significant, which suggested that the CT-guided RIS using 3D-PIT can enable exact positioning and orientation for paravertebral/retroperitoneal lesions \[[@cit0026]\].

Previous studies of 3D-PIT were always CT-guided, but CT-MRI-guided 3D-PIT was never reported. However, brachytherapy based purely on CT image guidance suffers from several defects for brain tumors. Firstly, unclear borders may cause residual treatment and lead to tumor recurrence. Secondly, accurate control of the implantation needle is difficult. Thirdly, the angle and depth of the needle must be adjusted under CT guidance during the procedure, which increases the possibility of complications. Also, the limited display of vessels may increase the risk of cerebral bleeding. There is no doubt that there are disadvantages to rely solely on MRI images. Firstly, seed and catheter localization in MRI images is challenging. Secondly, MRI image is not recommended routinely for guiding implantation in real time. The previous research of our center realized the fusion of CT and MRI images, making their advantages and disadvantages complementary \[[@cit0012]\].

CT-MRI fusion images can reduce the error of brachytherapy caused by images. An earlier study in our center reported the application of the CT-MRI fusion images to monitor the operation. The CI in the CT-MRI fusion group (0.85) was higher compared to CI in CT alone group (0.75), with statistical significance. The higher CI rate verified postoperatively suggested that the tumor volume received a dose that was closer to the ideal treatment dose in the CT-MRI fusion group than that of the CT alone group. CT-MRI image fusion during the operation was useful to determine the border of glioma and can support to adjust the position of the catheters and seeds in real time. The image fusion protocol is an essential component of our intraoperative treatment and postoperative dose verification effort \[[@cit0012]\].

In this study, we combined CT-MRI fusion images with 3D-PIT for the first time. D~90~ and V~200~ in the postoperative verification were higher than those of preoperation. These findings suggested that the prescribed dose and high-dose range received by the target volume after brachytherapy were more than that in the preoperative plan, and the parameters of the two groups were not significantly different (*p* \> 0.05), which suggested that the preoperative plan can be well implemented under the guidance of CT-MRI-based 3D-PIT. The median CI was 0.6 and EI was 0.4 in postoperation plan in the previous study \[[@cit0026]\]. The CI was higher and EI was lower in our study than those. We may conclude that 3D-PIT with the guidance of CT-MRI is better than 3D-PIT guided by CT alone for brain tumors.

The CT-MRI-guided RIS using a 3D-PIT resulted in good local control with few toxicities for rHGG. Regardless of the preoperative and postoperative planning, the doses received by brain stem were much lower than brain stem tolerance dose. The doses received by brain stem after brachytherapy were decreased slightly compared with those before brachytherapy, and this slight decrease was not statistically significant. Serious complications related to brachytherapy were not observed. Hence, we believe that toxicity of brachytherapy and damage to brain stem can be controlled under CT-MRI guidance using 3D-PIT. However, stereotactic body radiation therapy (SBRT), volumetric modulated arc therapy (VMAT), which has achieved good results as the main external radiotherapy for rHGG, may result in some complications, especially brain necrosis \[[@cit0027]\]. In addition, ^125^I seed brachytherapy can be repeated at short intervals as it causes milder tissue damage compared with SBRT at the time of tumor recurrence \[[@cit0028]\].

Our research still had shortcomings. Firstly, the sample size was small. Secondly, the overall survival rate could not be analyzed and only local control was assessed because of the limited follow-up period. Thirdly, no comparation with SBRT was done in our study. It is necessary to expand the sample size, follow-up time, and survival of all patients in our further research.

The CT-MRI-guided RIS using a 3D-PIT reduces both image and technical errors to enable exact positioning and orientation for rHGG. The parameters of the postoperative plan are mostly consistent with the preoperative plan. The conformity between the preoperative plan and postoperative plan was satisfactory.
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